Abstract The Tibetan Himalaya represents the northernmost continental unit of the Indian plate that collided with Asia in the Cenozoic. Paleomagnetic studies on the Tibetan Himalaya can help constrain the dimension and paleogeography of ''Greater India,'' the Indian plate lithosphere that subducted and underthrusted below Asia after initial collision. Here we present a paleomagnetic investigation of a Jurassic (limestones) and Lower Cretaceous (volcaniclastic sandstones) section of the Tibetan Himalaya. The limestones yielded positive fold test, showing a prefolding origin of the isolated remanent magnetizations. Detailed paleomagnetic analyses, rock magnetic tests, end-member modeling of acquisition curves of isothermal remanent magnetization, and petrographic investigation reveal that the magnetic carrier of the Jurassic limestones is authigenic magnetite, whereas the dominant magnetic carrier of the Lower Cretaceous volcaniclastic sandstones is detrital magnetite. Our observations lead us to conclude that the Jurassic limestones record a prefolding remagnetization, whereas the Lower Cretaceous volcaniclastic sandstones retain a primary remanence. The volcaniclastic sandstones yield an Early Cretaceous paleolatitude of 55.5 S [52.5 S, 58.6 S] for the Tibetan Himalaya, suggesting it was part of the Indian continent at that time. The size of ''Greater India'' during Jurassic time cannot be estimated from these limestones. Instead, a paleolatitude of the Tibetan Himalaya of 23.8 S [21.8 S, 26.1 S] during the remagnetization process is suggested. It is likely that the remagnetization, caused by the oxidation of early diagenetic pyrite to magnetite, was induced during 103-83 or 77-67 Ma. The inferred paleolatitudes at these two time intervals imply very different tectonic consequences for the Tibetan Himalaya.
Introduction
Paleogeographic reconstructions of intensely deformed terranes in the India-Asia collision zone can be quantified by using paleomagnetic data to constrain vertical axis rotations and, importantly, paleolatitude. There is an ongoing debate on the paleolatitude history of the Tibetan Himalaya, which represents the northernmost continental unit of the Indian plate that first collided with Asia [Gansser, 1964; Sciunnach and Garzanti, 2012] . Paleomagnetic data from uppermost Cretaceous and Paleogene rocks from the Tibetan Himalayan show a paleolatitudinal separation from India of 24.1 6 6.3 (2675 6 699 km N-S) [Patzelt et al., 2014; Garzanti and Hu, 2014; Wang et al., 2014] . Inspired by this problem concerning the kinematic evolution of the passive northern Indian margin and the extent of ''Greater India'' before the India-Asia collision, we investigate in this paper Jurassic (limestones) to Lower Cretaceous (volcaniclastic sandstones) sedimentary rocks of the Tibetan Himalaya near the village of W€ olong, which were well described and dated by Jadoul et al. [1998] .
A substantial challenge to studying the paleomagnetism of the Tibetan Himalayan sedimentary rocks is that remagnetization is pervasive; natural remanent magnetizations (NRM) with a primary origin are rarely found in these units . Only a few Triassic and Upper Cretaceous to Paleogene units with a primary remanence have been reported [Klootwijk and Bingham, 1980; Klootwijk et al., 1983; Besse et al., 1984; Appel et al., 1991; Patzelt et al., 1996; Appel et al., 1998; Schill et al., 2002; Crouzet et al., 2003; Yi et al., 2011; Ran et al., 2012] . Thus, the onus for any paleomagnetic study of these units is to thoroughly evaluate the origin and timing of the characteristic magnetization. Here we use petrographic, geochemical, and rock magnetic studies to identify mineralogical changes that are diagnostic of remagnetization [Roberts and Weaver, 2005; Dekkers, 2012; Elmore et al., 2012; Jackson and Swanson-Hysell, 2012] . Given the widespread reporting of remagnetization of Tibetan Himalaya sedimentary rocks, we completed the following analyses.
(1) We isolated paleomagnetic directions from the limestones and volcaniclastic rocks of the section using thermal and alternating field (AF) demagnetizations. (2) We apply a fold test to constrain the time of the remanence acquisition relative to contractional deformation. (3) We provided detailed rock magnetic analyses, utilizing thermomagnetic experiments, hysteresis measurements, first-order reversal curve (FORC) diagrams, and isothermal remanent magnetization (IRM) component analysis to investigate the carriers of the remanent magnetization(s). (4) We apply end-member modeling of IRM-acquisition curves [Gong et al., 2009 ] to identify potential mechanisms for the acquisition of remanent magnetization. (5) Finally, we use scanning electron microscopy (SEM) and energy-dispersive X-ray spectrometry (EDS) to visually characterize the magnetic minerals and verify rock magnetic results. With this information, we evaluate whether or not the NRMs obtained from the Jurassic limestones and Lower Cretaceous volcaniclastic sandstones are primary. Acquisition mechanisms and ages of the remanent magnetizations carried by the Jurassic limestones and Lower Cretaceous volcaniclastic sandstones are discussed, and we evaluate the implications for the paleolatitudinal separation of the Tibetan Himalaya with respect to cratonic India.
Geological Background
The Mesozoic Tibetan Himalaya sedimentary successions were deposited on the northern passive margin of the Indian subcontinent ( Figure 1a ). The section studied here (28.47889 N, 87 .03528 E, elevation 4348 m) is located near the village of W€ olong on the road to the Everest Base Camp and is 20 km southwest of Tingri in southern Tibet ( Figure 1a ). Jurassic to Lower Cretaceous sedimentary successions are folded into a syncline with an overturned northern limb ( Figure 1b ) [Jadoul et al., 1998 ]. Detailed stratigraphic descriptions of the section can be found in supporting information Text S1.
Exposed in the lower part of the section is the 200 m thick, middle Lower Jurassic to lower Middle Jurassic Kioto Group of platform limestones. Two units (K 1 and K 2 ) were informally distinguished ( Figure 1b ) [Jadoul et al., 1998 ]. The overlying Laptal Formation is 42-45 m thick and is mainly composed of late Bajocian marly siltstones in the lower part and Bathonian subtidal limestones in the upper part. The 10 m thick Ferruginous Oolite Formation (FOF) above was deposited during the late Bathonian to middle Callovian [Garzanti et al., 1989] . It mainly consists of oo-bioclastic rudstones and minor feldspato-quartzose detritus. The Dangar Formation with a thickness of 60 m is comprising gray marly limestones. Feldspato-quartzose silt occurs in the upper part. Calcareous nannofossils indicate a Callovian to Oxfordian age. The overlying 18-20 m of black shales with limestone nodules, and with calcareous silty layers intercalated in the upper part, are ascribed to the Spiti Shale. Calcareous nannofossils indicate an age not younger than the Oxfordian.
The Spiti Shale transitions gradually upward to the >400 m thick W€ olong Formation (Figure 1b) , which is mainly composed of siltstones and volcaniclastic sandstones intercalated with black shales. The lithostratigraphy and detrital zircon geochronology of the W€ olong volcaniclastic sandstones have been described at the Gucuo locality near Old Tingri in southern Tibet [Hu et al., 2010] . There the W€ olong volcaniclastic rocks have a maximum allowable deposition age of 120 Ma. At this locality, the volcaniclastic sandstones are separated from underlying Upper Tithonian strata by a fault and are conformably covered by Upper Albian strata [Hu et al., 2010] . The other reported Lower Cretaceous volcaniclastic rocks of the Tibetan Himalaya is located in the Babazhadong area, where volcaniclastic sandstones of the Rilang Formation overlies Jurassic strata conformably and have a Geochemistry, Geophysics, Geosystems
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maximum depositional age of 134 Ma [Du et al., 2015] . The W€ olong Formation in this study overlies the Kimmerdgian to Tithonian Spiti Shale conformably. We therefore infer that the deposition of the W€ olong Formation in our study is probably older than that at the Gucuo locality [Hu et al., 2010] , but similar to the volcaniclastic rocks in the Babazhadong area [Du et al., 2015] with a maximum depositional age of 134 6 4 Ma.
Paleomagnetic Sampling
Typical paleomagnetic cores with a diameter of 2.5 cm were collected using a portable gasoline-powered drill and were oriented with magnetic and sun compasses. We collected 624 individual paleomagnetic cores from all the units of the Jurassic to Lower Cretaceous successions from the northern overturned limb of the syncline (Figure 1b cores (JD1-JD52) are from the Dangar Formation, and 264 cores (TR1-TR264) are from the volcaniclastic sandstones of the W€ olong Formation. Twenty-seven limestone cores were also collected from unit K 2 exposed in the southern limb of the syncline to allow for a fold test. Bedding attitudes determined from the planar orientation of the sedimentary layers were measured throughout the section at each sampling location for the tilt correction (Figure 1b ).
Paleomagnetism

Demagnetization
Characteristic remanent magnetization (ChRM) directions were isolated using both alternating field (AF) and thermal demagnetization. AF demagnetization was applied to all the specimens from all cores with an in-house developed robotized sample handler [Mullender et al., 2005] attached to a horizontal pass-through 2G Enterprises DC SQUID magnetometer (noise level 1-2 3 10 212 Am 2 ) hosted in the magnetically shielded room (residual field <200 nT) at the Fort Hoofddijk Paleomagnetic Laboratory, Utrecht University (Netherlands). Specimens were progressively demagnetized by successive AF steps of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 80, 90 , and 100 mT. In addition, 120 specimens selected throughout the collection were treated by thermal demagnetization. These specimens were heated and cooled in a magnetically shielded ASC oven (Model TD48-SC) that has a residual field <10 nT. Their NRM was measured on a horizontal 2G Enterprises DC SQUID magnetometer (noise level 3 3 10 212 Am 2 ). Specimens were progressively demagnetized by successive temperature steps at 100, 140, 180, 210, 240, 270, 300, 330, 360, 390, 420, 450, 480, 510, 530, 550, 570, and 585 C until complete demagnetization of the NRM. 
ChRM Directions
Principal component analysis [Kirschvink, 1980] on at least five successive steps resulted in precisely determined ChRM directions for most specimens. Some specimens yielding NRM directions between two overlapping coercivity or temperature components were also analyzed using the great circle approach [McFadden and McElhinny, 1988] . AF and thermal demagnetization paths for specimens from the same sample are generally comparable (Figures 2a, 2d, 2h, and 2j) . Considering that thermal demagnetization results were sometimes more erratic and yielded higher maximum angular deviation (MAD) values than the AF treatment, we calculated most of the ChRM directions from the AF demagnetization results. Directions with MAD values >15 were systematically rejected from further analysis (supporting information Table S1 ).
We isolated the low-coercivity/low-temperature direction in 301 of 624 individual specimens. After excluding directions which fall >45 from the mean direction, we calculated a mean direction of D g 5 359.5 , I g 5 38.9 (n 5 238, K 5 10.5, A 95 5 3 ; ''g'' stands for geographic coordinates) (Figure 3d ). The isolated
ChRMs from all units of the Jurassic limestones are of normal polarity (Figures 3a-3d) . We binned the results into the stratigraphic intervals identified in the geological setting.
The mean ChRM direction of the specimens from unit K 1 that pass our data selection criteria is D s 6 DD s 5 331.2 6 3.6 , I s 6 DI s 5 241.1 6 4.5 (n 5 112, K 5 17.1, A 95 5 3.3 , ''s'' referring to stratigraphic coordinates) (Figure 3a) . The mean ChRM direction of the specimens from unit K 2 that pass our data selection criteria is D s 6 DD s 5 334.6 6 3.1 , I s 6 DI s 5 242.2 6 3.7 (n 5 83, K 5 31.6, A 95 5 2.8 ) (Figure 3b and supporting information Table S2 ). Stable ChRM directions could be determined only from a small number of specimens in the Laptal Formation (Figure 3c ). The mean ChRM direction of the specimens from the Laptal Formation that pass our data selection criteria is D s 6 DD s 5 338.9 6 6.8 , I s 6 DI s 5 240.2 6 8.7 (n 5 45, K 5 12.4, A 95 5 6.3 ) (Figure 3c and supporting information Table S1 ). Most specimens from the Dangar Formation record only one component, which is similar to the low-coercivity/low-temperature component observed in other specimens (Figure 3d) . A ChRM direction could be isolated from just a single specimen.
Geochemistry, Geophysics, Geosystems This ChRM direction is similar to those isolated from specimens in units K 1 , K 2 , and the Laptal Formation (supporting information Table S1 ).
The common true mean direction (CTMD) test shows that the mean ChRM directions isolated from specimens in units K 1 , K 2 , and the Laptal Formation are indistinguishable from each other [McFadden and Lowes, 1981] . Therefore, we combined all the results from specimens from the Jurassic limestones in these four units. The mean ChRM direction defined by principal component analysis is D s 6 DD s 5 333.0 6 2.7 , I s 6 DI s 5 242.0 6 3.3 (n 5 158, K 5 21.5, A 95 5 2.5 ) (Figure 3d and supporting information Table S1 ). The mean direction calculated from both principal component analysis and great circle analysis is D s 6 DD s 5 334.2 6 2.4 , I s 6 DI s 5 241.5 6 2.9 (n 5 239, K 5 18.5, A 95 5 2.2 ) (Figure 3d and supporting information Table S1 ). We evaluate the possibility of inclination shallowing in the Jurassic limestones by applying the elongation/inclination correction method [Tauxe and Kent, 2004] (Figure 4a ). After tilt correction, however, the ChRM directions of limestone specimens from the two limbs are similar (Figure 4a ). The nonparametric fold test of Tauxe and Watson [1994] is positive with best grouping reached at 91-95% untilting ( Figure 4b ). This fold test shows that the magnetization of the isolated ChRM directions recovered from the Jurassic limestones was largely acquired before folding.
Most volcaniclastic specimens record directions that decay linearly toward the origin, although some specimens have erratic demagnetization trajectories ( Figure 3e ). The mean ChRM direction defined by principal component analysis is D s 6 DD s 5 20.5 6 6.6 , I s 6 DI s 5 272.8 6 2.2 (n 5 152, K 5 12, A 95 5 3.4 ) ( Figure 3e ).
The mean direction with the results from great circle analysis is D s 6 DD s 5 19.7 6 5.3 , I s 6 DI s 5 271 6 2 (n 5 201, K 5 11.9, A 95 5 3 ) ( Figure 3e and supporting information Table S1 ). We can apply neither a fold test nor a reversals test to the volcaniclastic rocks because there are no suitable outcrops for paleomagnetic sampling of the equivalent rocks from the southern limb of the syncline and because the directions are exclusively of normal polarity. The mean ChRM A 95 (3.4 ) falls within the reliability envelope of Deenen et al. [2011] (for n 5 152, A 95(min) 5 1.6 , A 95(max) 5 3.5 ); this shows that the measured scatter can be straightforwardly explained by and likely represents paleosecular variation of the geomagnetic field. To assess the potential shallow bias of the magnetic inclination, we applied the elongation/inclination correction procedure to the volcaniclastic rocks [Tauxe and Kent, 2004] . The expected line defined by the expected inclination-elongation pairs according to Tauxe [2005] does not intersect with the bootstrapped data sets, indicating that the volcaniclastic rocks are not flattened; therefore, no inclination correction is applied to the volcaniclastic sandstones.
Rock Magnetism
Thermomagnetic Runs
Twenty-eight representative samples from all stratigraphic units of the section (7 from unit K 1 , 5 from unit K 2 , 3 from the Laptal Formation, 3 from the Dangar Formation, and 10 from the W€ olong Formation) were subjected to high-field thermomagnetic experiments following the procedure described in Huang et al. [2013] . The successive heating and cooling steps are 150, 100, 250, 150, 400, 300, 520, 420, 620, 500, 700, and 20 C. The initial magnetization intensity of the Lower Cretaceous volcaniclastic specimens is much higher (2 3 10 22 to 7 3 10 22 Am 2 /kg) than that of the Jurassic limestones (Figures 5d and 5e ). The hyperbolic shape of the thermomagnetic curves indicates a dominant paramagnetic component for nearly almost all of the specimens. All of the specimens show an irreversible decrease in magnetization with increasing temperature up to 580 C, which is typical for magnetite. Some specimens are also characterized by an increase in magnetization above 430 C, consistent with the oxidation of an iron sulfide. At this temperature, weakly magnetic or nonmagnetic iron sulfide often transforms into magnetite. It is likely that the aberrant NRM behavior observed during thermal demagnetization at >450 C is caused by this neoformed magnetic phase ( Figure 5e ). [Tauxe and Watson, 1994] on the Jurassic limestones. Equal-area plots of the individual ChRM directions from each limestone specimen in (left) geographic and (right) stratigraphic coordinates. Before tilt correction, the ChRM directions of samples from the two limbs of the syncline are in two different groups. After tilt correction, the two groups cluster. (b) Results of the fold test with bootstrapped statistics on the first eigenvalues (s 1 ) upon progressive untilting. The 95% bootstrap error interval is indicated. Best grouping is reached at 91-95% untilting. (c) Day plot [Day et al., 1977; Dunlop, 2002b] of 43 limestone samples and 18 volcaniclastic specimens. Also plotted are 10 volcaniclastic specimens from the Eocene Linzizong Group in the Linzhou basin that retain a primary remanence [Huang et al., 2013] .
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Hysteresis Loops, IRM, and Back-Field and FORC Diagrams
Forty-three representative samples (11 from unit K 1 , 7 from unit K 2 , 2 from the Laptal Formation, 5 from the Dangar Formation, and 18 from the W€ olong Formation) with masses ranging from 14 to 30 mg were mounted on a P1 phenolic probe and measured with MicroMag 2900 (supporting information Table S2 ). The procedure of the measurements and data processing are the same as that described in Huang et al. [2013] . Hysteresis parameters (M s : saturation magnetization; M r : saturation remanent magnetization; B c : coercive force; and B cr : remanent coercivity) were determined from the measurements.
Hysteresis loops for the samples from the Jurassic limestone specimens are wasp-waisted (Figures 5f-5h) , which indicates the presence of two or more magnetic components with contrasting coercivities [Jackson, 1990; Muttoni, 1995; Roberts et al., 1995] or different size fractions of a single mineral [Tauxe et al., 1996] . B c values of these specimens are very low, leading to high B cr /B c values (supporting information Table S2 ). The hysteresis data plot near the superparamagnetic (SP) 1 pseudosingle domain (PSD) mixing curves on a Day plot (Figure 4c ) [Day et al., 1977; Dunlop, 2002a Dunlop, , 2002b , suggesting that there are substantial amounts of SP-size particles in the specimens. The FORC diagrams for these specimens are characterized by contours that diverge away from the origin and spread along the B u axis (Figures 5k-5m ). This contour pattern is consistent with the behavior of typical interacting PSD magnetic particles [Pike et al., 1999; Roberts et al., 2000] .
For most of the volcaniclastic specimens, the hysteresis loops are open and saturated by 300 mT (Figure 5i . Hysteresis loops are corrected for the paramagnetic contribution. FORC diagrams were produced using an in-house developed program (FORC_Analysis.exe, by Tom Mullender) at the ''Fort Hoofddijk'' Paleomagnetic Laboratory. For each sample, the optimal smoothing factor (SF) was calculated and applied based on adequate signal-to-noise ratios [Roberts et al., 2000] . (p-t) IRM component analysis [Kruiver et al., 2001] of representative limestone and volcaniclastic specimens. Squares are measured data points. The components are marked with different colored lines. Log 10 (B 1/2 ) and DP are in log 10 mT. LAP: linear acquisition plot and GAP: gradient acquisition plot.
Geochemistry, Geophysics, Geosystems narrow and unsaturated at 1 T (Figure 5j ), suggesting that some remanence is carried by a high-coercivity mineral, such as hematite or goethite. FORC diagrams for these specimens also have divergent and symmetrical contours with very low coercivities (Figures 6n and 6o ), consistent with a population consisting predominantly of interacting PSD particles [Pike et al., 1999; Roberts et al., 2000] . This interpretation is consistent with magnetic grain sizes estimated with a Day plot (Figure 4c ) [Dunlop, 2002a [Dunlop, , 2002b .
IRM Component Analysis
We also semiquantitatively assessed the contributions of different magnetic minerals to the net magnetization with IRM component analysis. We follow the IRM-acquisition procedures described in Huang et al. [2013] . Nineteen representative specimens representing the entire section were analyzed using different components to fit the IRM-acquisition curves following the cumulative log-Gaussian approach [Kruiver et al., 2001] . In general, all IRM-acquisition curves appear to be fit by five IRM components (increasing from magnetically soft to hard): component 1 with B 1/2 (the field at which half of saturation isothermal remanent magnetization (SIRM) is reached) of 13 mT and dispersion parameter (DP) of 0.30 (log units); a soft component 2 with B 1/2 ranging from 25 to 45 mT and DP varying from 0.25 to 0.45; a relatively hard component 3 with higher B 1/2 (50-70 mT) and notably variable DP (0.20-0.45); and much harder components 4 and 5 both with B 1/2 >400 mT and variable DP (Figures 5p-5t and supporting information Table S3 ).
Components 1, 3, and 4 are used to fit the IRM-acquisition curves of the Jurassic limestones (Figures 5p-5r) . Component 1 constitutes 4-10% of the SIRM. It is only required to fit the skewed-to-the-left distribution of component 3 and is interpreted to be thermally activated component 3 particles. Component 3 typically represents magnetite. It is the predominant magnetic carrier in the limestone specimens and contributes >60% to the SIRM. Component 4 is not close to saturation at the maximum applied field of 700 mT. It is normally interpreted to be hematite (or goethite). However, careful inspection of the limestones indicates that all of the specimens are dark blue, which is inconsistent with reddish hematite or yellowish goethite. We suggest that component 4 represents very fine-grained magnetite, close to the SP threshold size; clusters of magnetically interacting SP magnetite particles can remain unsaturated at 2 T, as described by Dekkers and Pietersen [1992] . This interpretation is in line with the above thermomagnetic and hysteresis analyses.
Components 2, 3, and 5 are required to fit the IRM curves of the specimens from the Lower Cretaceous volcaniclastic sandstones (Figures 5s and 5t ). Component 2 with a lower B 1/2 than component 3 also represents magnetite, but of smaller grain size relative to component 3 magnetite. Component 5 (with a B 1/2 as high as component 4) is also not saturated by 700 mT. We interpret this component as hematite (or goethite), which is consistent with the yellowish color in outcrop and with the results from the hysteresis analyses described above.
In summary, these interpretations of the IRM component analysis are consistent with results from the other rock magnetic experiments. We conclude that the magnetization of specimens from the Jurassic limestones is carried by magnetite of variable grain size. The predominant magnetic carrier in specimens from the Lower Cretaceous volcaniclastic sandstones is magnetite, with hematite or goethite as a minor magnetic carrier.
End-Member Modeling of Magnetic Components
To illustrate the mechanism of remanence acquisition and to detect the potential remagnetization of the Jurassic to Lower Cretaceous Tethyan Himalaya sedimentary rocks from the studied section, we applied the endmember modeling method developed by Gong et al. [2009] . End-member modeling is based on the assumption that measured data are a linear mixture of a number of invariant constituent components, termed endmembers. Several case studies demonstrate how powerful it can be for diagnosing remagnetization in both sedimentary and volcanic rocks [Gong et al., 2009; Van Hinsbergen et al., 2010; Meijers et al., 2011; Aben et al., 2014] .
IRM-acquisition curves of 120 specimens from Jurassic limestones (48 from unit K 1 , 24 from unit K 2 , 25 from the Laptal Formation, and 23 from the Dangar Formation) and 104 samples from Lower Cretaceous volcaniclastic sandstones representing the entire section were measured. Procedures of the measurement and data analysis are described in Aben et al. [2014] .
Jurassic Limestone Units
For Jurassic limestone specimens, the end-member curves become noisy with three or more end-members (Figures 6a and 6b) , indicating that the data set is overinterpreted for those numbers of end-members.
Geochemistry, Geophysics, Geosystems Comparison of the two end-member model with the three end-member model shows that the curves of end-member 1 (CEM1, C stands for ''carbonate'') in both models are identical, whereas the curve of endmember 2 (CEM2) in the two end-member model splits into CEM2 and CEM3 in the three end-member model (Figures 6a and 6b ). This means that the three end-member model does not discriminate clearly more distinctive and geologically interpretable end-members than the two end-member model. We therefore prefer the two end-member model to interpret our data set from the Jurassic limestones. [Kruiver et al., 2001] of the end-members in our preferred two end-member model. (e) Plotting of the percentages of the CEM1 contribution to the SIRM for each specimen against stratigraphic level. The distance between the adjacent samples is arbitrarily set at 1; the sample codes progress up section in each sampled unit. We applied IRM component analysis to these two end-members (CEM1 and CEM2 in the two end-member model) [Kruiver et al., 2001] . Three components (components C1, C2, and C3, increasing from soft to hard magnetically) are required to fit the normalized IRM-acquisition curves of the two end-members. Both CEM1 and CEM2 can be fit with these three components (Figures 6c and 6d) . Component C1 is a very lowcoercivity component (with B 1/2 13 mT), which can be interpreted as thermally activated component C2 particles. Its contribution to the SIRM is minor (5% for CEM1 and 15% for CEM2) (supporting information Table S3 ). Component C2 (B 1/2 of 60 mT) typically represents magnetite [Day et al., 1977; Lowrie, 1990] . It is the dominant magnetic component for both CEM1 and CEM2 and contributes >75% to the SIRM (supporting information Table S3 ). Component C3 has a very high B 1/2 (>600 mT). Considering that the limestones are dark blue rather than reddish or yellowish, we interpret this component to represent clustered SP magnetite rather than hematite or goethite. Clustered SP magnetite of a few nanometers in size cannot be saturated even by 2 T [Dekkers and Pietersen, 1992; Gong et al., 2009] . It contributes 20% to the SIRM for CEM1 and 8% to the SIRM for CEM2 (supporting information Table S3 ). These interpretations are similar to the IRM-acquisition curve-fitting results described in our rock magnetic studies above and are consistent with other rock magnetic analyses. This implies that the two end-members in our model are geologically interpretable.
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Most specimens from the Jurassic limestone units are mixtures of CEM1 and CEM2 (Figure 6e ). Contributions of CEM1 for specimens from each unit are distinct from other units. CEM1 contributes 50% and 70% to the SIRM for specimens from units K 1 and K 2 , respectively. The contribution of CEM1 varies notably for specimens from the Laptal Formation and the Dangar Formation. There are also several specimens that plot on the baseline (specimens from the Laptal Formation) or the top-line (specimens from the Dangar Formation), indicating the sole contribution from CEM1 or CEM2 (Figure 6e ), respectively.
Lower Cretaceous Volcaniclastic Sandstones
A two end-member model is also preferred for the interpretation of the data set for the Lower Cretaceous volcaniclastic rocks (Figures 7a and 7b) . The normalized IRM-acquisition curves of the two end-members (VEM1 and VEM2, V stands for ''volcaniclastics'') can be fit with four components (components V1, V2, V3, and V4, increasing from soft to hard magnetically) (Figures 7c and 7d and supporting information Table S4 ). Components V1, V2, and V3 (B 1/2 of 25 mT, 50 mT, and 70 mT, respectively) typically represent magnetite with different grain sizes [Day et al., 1977; Lowrie, 1990] . Component V1 has low contribution to the SIRM in both VEM1 and VEM2, whereas components V2 and V3 are the main magnetic component for VEM1 and VEM2, respectively. Component V4 (with very high B 1/2 of 800 mT) is interpreted to be hematite or goethite, as inferred by the yellowish color of some specimens; it contributes 25% to the SIRM for VEM1.
The contribution of VEM1 varies notably for the volcaniclastic specimens (Figure 7e ). For the lower part (stratigraphic level: TR1-TR119), VEM1 has a lower average contribution (9%; Figure 7e ). Up section, the contribution of VEM1 increases up to 100% (TR157) in the middle interval (stratigraphic level: TR122-TR163), and then it decreases sharply but is still as high as 45% on average in the upper interval (stratigraphic level: TR165-TR266; Figure 7e ). Considering that the contribution of hematite (or goethite) to the SIRM of VEM1 is 25%, the high percentages of VEM1 for the middle and upper parts of the sampled volcaniclastic rocks indicate that hematite (or goethite), often produced by late-stage weathering in outcrop, is widespread in the rocks as magnetic carrier. This may explain the erratic demagnetization behavior of some specimens from the middle and especially the upper parts of the volcaniclastic unit.
SEM Observation and EDS Analysis
We analyzed thin sections of both Jurassic limestones and Lower Cretaceous volcaniclastic sandstones with the SEM to identify textural relationships and diagenetic conditions of magnetic minerals. EDS analysis was applied to obtain compositional information. Ten representative limestone specimens (JA15, JA29, JA49, JB49, JB80, JC9, JC58, JC77, JD7, and JD40) and seven volcaniclastic sandstone specimens (TR27, TR63, TR121, TR199, TR212, TR252, and TR261) were investigated on a Hitachi S3400 SEM, operated at 20 keV and 40-60 nA at the Electron Microscope Unit at the University of Hong Kong (China).
Two different morphologies of magnetic minerals are generally present in the Jurassic limestone samples (Figures 8a-8l) . We interpret both phases to be magnetite based on the EDS analysis (supporting Geochemistry, Geophysics, Geosystems information Figures S1a-S1m) and the rock magnetic results described in the previous sections. One phase is characterized by small (<10 mm) crystals (Figures 8a-8c, 8e, 8g, and 8i ). This population is widespread and is usually distributed in the calcite matrix (Figures 8a, 8e, 8g, and 8i) , with a secondary Ti-O matrix TR10   TR25   TR59   TR98   TR125   TR119   TR139   TR140   TR157   TR165   TR194  TR234   TR246  TR256 e) [Kruiver et al., 2001] of the end-members in our preferred two end-member model. (e) Plotting of the percentages of the VEM1 contribution to the SIRM for each specimen against stratigraphic level. The distance between the adjacent samples was arbitrarily assumed to be ''1''; the sample codes increase up section in each sampled unit. Hematite (or goethite) contributes 25% to the SIRM of VEM1, more contribution of VEM1 in the specimen indicates more hematite (or goethite) formed by stronger alteration and weathering; see details in the text.
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HUANG ET AL. (Figure 8c ). Authigenic growth-zoning and rims are observed in some grains (Figure 8i ). Some grains are pseudomorphs after euhedral pyrite and are most likely an oxidation product of pyrite (Figures 8e and 8g) [Suk et al., 1990a] . These euhedral magnetite grains probably grew during later diagenetic processes [Suk et al., 1990b; Weil and Van der Voo, 2002] . A second phase is framboidal with individual framboid sizes ranging from only a few mm to >50 mm (Figures 8d-8h and 8j-8l) . The framboids occur in the calcite matrix (Figures 8e-8g and 8j-8l ) or along cracks (Figures 8d and 8h) . They are the dominant form of magnetite in most limestone specimens. Although framboids are the common textural form of pyrite and greigite in sedimentary rocks [Wilkin et al., 1996; Roberts, 2005, 2006] , we did not detect iron sulfides in our limestone specimens (supporting information Figures S1a-S1m) . This indicates that the framboidal magnetite in the Jurassic limestones was formed by replacement of early diagenetic pyrite or greigite [Suk et al., 1990a; Roberts et al., 2011] . These framboids are comprised of large numbers of small (<1 mm) magnetite crystallites and can therefore be a stable remanence carrier.
For the Lower Cretaceous volcaniclastic sandstones, most specimens do contain iron sulfides, which is consistent with what we determined from the thermomagnetic experiments (Figures 8m-8o and supporting information Figures S1n-S1p). The EDS analysis indicates an Fe:S ratio of 1:2, which suggests that the iron sulfide is pyrite (supporting information Figures S1n-S1p). These pyrite grains are usually subhedral to euhedral with grain sizes of a few mm to 50 mm (Figures 8m and 8n ). Framboidal pyrite is also observed (Figure 8o) . In some specimens, however, the observe iron oxide grains are pseudomorphic after subhedraleuhedral or framboidal pyrite with a reaction rim (Figures 8p and 8q) , which suggests that they formed as a consequence of oxidation of preexisting pyrite as in the Jurassic limestones [Suk et al., 1990a; Roberts et al., 2011 ]. An amorphous Ti-O matrix is abundant in these samples (Figure 8r ).
Discussion
Remagnetization of the Jurassic Limestones
The lower limestone interval of the studied section was biostratigraphically dated to the Pliensbachian through [Jadoul et al., 1998 ]. This time interval is characterized by many geomagnetic reversals [Gradstein et al., 2012] . The ChRM directions from the Jurassic limestones, however, are exclusively of normal magnetic polarity (Figures 2 and 3) , which is a strong indication that the rocks may be remagnetized.
Rock magnetic tests described above show that the predominant ferromagnetic mineral in the Jurassic limestones is magnetite in the SP to PSD size range. Although the SP population of magnetite cannot be the carrier of NRM, it has long been associated with remagnetization in limestones [e.g., Jackson, 1990; McCabe and Channell, 1994; Suk and Halgedahl, 1996; Dunlop, 2002b; Jackson and Swanson-Hysell, 2012] . Dispersed SP magnetite particles can be saturated in fairly low fields, leading to wasp-waisted hysteresis loops [Tauxe et al., 1996; Fabian, 2003] , which are similar to the loops observed in the Jurassic limestones described here (Figures 5f-5h) . On a Day plot, all of the limestone specimens plot in the same SP 1 SD (single domain) or SP 1 PSD region (Figure 4c ) that is characteristic for remagnetized limestones [Jackson, 1990; McCabe and Channell, 1994; Xu et al., 1998; Dunlop, 2002b; Elmore et al., 2006; Jackson and SwansonHysell, 2012] . In contrast, limestones with demonstrably primary magnetization usually plot in the SD 1 MD region and do not have a significant SP contribution Tarduno and Myers, 1994; Belkaaloul and A€ ıssaoui, 1997; Abrajevitch and Kodama, 2009; M enabr eaz et al., 2010; Jackson and SwansonHysell, 2012; Roberts et al., 2013] . Limestones with a substantial SP contribution (and thus with hysteresis characteristics indicating complete remagnetization) could possibly carry a primary NRM when the magnetic particles are extraterrestrial in origin or formed by magnetotactic bacteria during or immediately following deposition [e.g., Freeman, 1986; Lanci and Kent, 2006; Lanci et al., 2007; Kopp and Kirschvink, 2008; Lanci et al., 2008; Moskowitz et al., 2008] . The magnetite in our limestones does not exhibit characteristics of either of these origins, but are instead formed as pseudomorphs after pyrite (Figure 8 ).
Our end-member modeling helps identify potential mechanisms for the remanence acquisition ( Figure 6 ) and helps evaluate and compare the rock magnetic properties of a large number of specimens from the whole section. Guided by the rock magnetic analyses, both of the two end-members in our preferred two end-member models are interpreted to be a combination of PSD and clustered SP magnetite. The two endmembers (CEM1 and CEM2) for the Jurassic limestones are similar to the two end-members (end-member 2 Geochemistry, Geophysics, Geosystems and end-member 1, respectively) in the remagnetized limestones in the Organy a basin (Spain) presented by Gong et al. [2009] .
Our interpretation of the end-members is bolstered by the SEM observations and EDS analyses. IRM component analysis of the end-members showed that PSD magnetite has a dominant contribution of 75% to SIRM in both CEM1 and CEM2. Given that SP magnetite cannot carry the NRM, PSD magnetite (inferred from the Day plot and observed with the SEM) should be the unique carrier of the NRM in the Jurassic limestones. The euhedral or framboidal shape of the PSD magnetite, however, indicates that the observed magnetite grains are authigenic and therefore clearly secondary (Figure 8 ). Although we cannot assess the contribution of the observed secondary magnetite to the NRM, the SEM evidence indicates that secondary magnetite is abundant and we therefore interpret it as the principal magnetic carrier. We note that primary detrital magnetic particles in limestones are usually low, and it often dissolved by reductive dissolution prior to lithification [Karlin and Levi, 1983; Freeman, 1986; Tarduno, 1995; Smirnov and Tarduno, 2001] .
In summary, ChRM direction analyses, rock magnetic tests, end-member modeling, and SEM and EDS studies lead us to conclude that the Jurassic limestones are remagnetized. The positive fold test indicates that the ChRMs from the Jurassic limestones of the section have a prefolding origin. The mean direction indicates that remagnetization occurred at 23.8 S [21.8 S, 26.1 S] (95% confidence) latitude.
Primary NRM in the Lower Cretaceous Volcaniclastic Rocks
Detailed rock magnetic analyses indicate that PSD magnetite is the dominant magnetic carrier of the volcaniclastic rocks, whereas hematite or goethite (or both) produced during late-stage weathering in outcrop has a minor contribution to the NRM. The hysteresis loops of the volcaniclastic rocks are generally open rather than wasp-waisted (as is common for remagnetized limestones [Jackson and Swanson-Hysell, 2012] ) (Figure 5i ). Most of the volcaniclastic sandstones plot along the single domain (SD) 1 multidomain (MD) mixing line in the PSD region and not along an SP mixing curve (Figure 4c ). This trend is similar to specimens from the Linzizong volcaniclastic sandstones in the Linzhou basin that carry a demonstrably primary magnetization [Huang et al., 2013] , as well as to nonremagnetized limestones [Jackson and Swanson-Hysell, 2012; Roberts et al., 2013] . Moreover, the magnetic properties of the Lower Cretaceous volcaniclastic sandstones are very different from the underlying Jurassic limestones, as well as demonstrably remagnetized limestones elsewhere (Figure 4c ) [Jackson, 1990; McCabe and Channell, 1994; Xu et al., 1998; Weil and Van der Voo, 2002; Elmore et al., 2006; Gong et al., 2008] .
Although VEM1 in our preferred two end-member model of the volcaniclastic samples has a similar IRMacquisition curve to CEM1 of the Jurassic limestone samples, its magnetic significance is quite different (Figure 7) . Moreover, the contribution of VEM1 to the SIRM of the volcaniclastic samples is generally lower than that of CEM1 to the SIRM of the limestone samples (Figure 6e ). We also note that VEM2 in the volcaniclastic specimens is remarkably different from CEM2 of the limestone: VEM2 is completely saturated below 200 mT, whereas CEM2 saturates above 400 mT (Figures 6a and 7a) . The two end-members (VEM1 and VEM2) from the Lower Cretaceous volcaniclastic sandstones are comparable to the two end-members (end-member 3 and end-member 2, respectively) in the nonremagnetized limestones and blue clay in the Bey Da gları region of Turkey [Van Hinsbergen et al., 2010] .
Our end-member modeling also provides a stratigraphic view of the generalized rock magnetic characteristics of the entire sampled volcaniclastic section (Figure 7e ). It confirms that magnetite is the dominant magnetic carrier, as also indicated from other rock magnetic tests, and it also gives a semiquantitative estimation of the hematite/goethite contribution, which can be used to evaluate of degree of alteration/ weathering in the volcaniclastic specimens. High magnetic contributions from hematite or goethite may explain why a stable ChRM is only rarely be isolated from some specimens in the middle and upper parts of the volcaniclastic section. This alteration and weathering, however, are distinct from the remagnetization displayed by the Jurassic limestones; it did not occur across the entire volcaniclastic section, and we infer that alteration occurred only after the rocks were at the surface. In contrast, the remagnetization of the Jurassic limestones is pervasive and took place much earlier and before tectonic deformation.
The results of the rock magnetic tests and of the end-member modeling are further confirmed by SEM observation and EDS analysis. The detected iron sulfide in the thermomagnetic experiment of most samples is clearly pyrite (Figures 8m-8o and supporting information Figures S1n-S1p ). This paramagnetic mineral
Geochemistry, Geophysics, Geosystems plays no role in the remanence acquisition, but it can easily transform to magnetite, hematite, or goethite, which do carry remanence [Cairanne et al., 2004] . Unlike the remagnetized Jurassic limestones, which contain no iron sulfides, pyrite is widespread in most volcaniclastic samples. We argue that the dominant magnetic carrier in the volcaniclastic sandstones is detrital magnetite. Its grain size was probably reduced by reductive dissolution during early diagenesis and it is therefore below the resolution of SEM. In other volcaniclastic specimens, however, iron sulfide was not detected in either rock magnetic studies or EDS analysis. Careful inspection indicates that preexisting iron sulfides in those samples have been oxidized to iron oxides (Figures 8p, 8q and supporting information Figures S1q-S1s). End-member modeling also indicates that magnetite is the main remanence carrier, but hematite, goethite or both also contribute to the SIRM in these specimens. The erratic demagnetization trajectories of these specimens may thus be caused by the transformation of pyrite to secondary magnetite and hematite or goethite during later weathering. These newly formed magnetic minerals would contaminate the magnetic signal of the primary detrital magnetite.
Although no paleomagnetic field test can be completed in the given W€ olong Formation, we applied detailed rock magnetic analyses, end-member modeling, SEM, and EDS investigations to constrain the mechanism of the remanence acquisition of the volcaniclastic sandstones. Our data consistently indicate that the Lower Cretaceous volcaniclastic sandstones carry largely a primary remanent magnetization, with some alteration and weathering in the upper part of the sampled volcaniclastic section. In the inferred depositional age span, the inclination of the mean ChRM directions of the volcaniclastic sandstones fits well with the global apparent polar wander path (GAPWaP) of India, and after the earliest Cretaceous, India has never been at latitudes as low as indicated by the W€ olong volcaniclastic rocks .
Timing of the Remagnetization and Tectonic Consequences
In an attempt to constrain the timing of the remagnetization of the Jurassic limestones, we plot the mean ChRM direction obtained from the Jurassic limestones on the declination and inclination plots of the GAPWaP curve of India at the coordinate of the studied section ( Figure 9 and supporting information Table S4 ) . We can estimate the timing of remagnetization in two ways.
First, we can assume that the studied section has not been rotated relative to India. The limestones record a declination of 334.2 6 2.4 , which corresponds to the predicted declination of India for an age range of 103-84 Ma (Figure 9 ). In this correlation, the observed inclination (241.5 6 2.9 ) is shallower than predicted by GAPWaP in Indian coordinates. That is, if we fix declination to the GAPWaP, then the observed inclination suggests that the Tibetan Himalaya were located 1280 6 260 km north of their present relative position to India.
Alternatively, we can assume that the Tibetan Himalaya was rigidly attached to India. The inclination recorded in the limestones (241.5 6 2.9 ) corresponds to the predicted inclination of India for an age range of 77-67 Ma (Figure 9 ). In this scenario, the observed declination suggests that the studied section has been rotated 19.4 6 3.0 counterclockwise since remagnetization.
The normal polarity observed in the Jurassic limestones is consistent with remagnetization from 103 to 84 Ma (during the Cretaceous Normal Superchron) (Figure 9 ). For the 77-67 Ma interval required by Scenario 2, only intervals of 77-74.3, 73.7-72, and 69-67 Ma correspond to periods of normal polarity on the GPTS [Gradstein et al., 2012] .
Scenario 1 assumes no rotation, whereas Scenario 2 requires 19.4 6 3.0 of counterclockwise rotation of the section relative to India. It is difficult to independently test the rotation of the Tibetan Himalaya relative to India during India-Asia collision, but some data have been published. Patzelt et al. [1996] and Yi et al. [2011] studied uppermost Cretaceous and Paleogene marine carbonates from the Tibetan Himalaya to the north and east of our study area and found only minor amounts (5-15 ) of clockwise rotation (Figure 9 ), whereas secondary magnetization acquired during collision show no systematic rotations, or only minor clockwise rotation Crouzet et al., 2012; Liebke et al., 2013] .
Scenario 2 assumes no paleolatitudinal motion of the Tibetan Himalaya relative to India, whereas Scenario 1 requires 11.5 6 2.4 of paleolatitudinal separation between the studied section and India. Because the paleolatitude of the volcaniclastic sandstones is similar to the position predicted from the Indian GAPWaP, Scenario 1 predicts that the Tibetan Himalaya moved 1280 6 260 km north relative to the Indian craton between the deposition of the sandstone and the remagnetization of the limestone. Other paleomagnetic Geochemistry, Geophysics, Geosystems . Two scenarios for the remagnetization are suggested by fixing either declination (Scenario 1, purple lines) or inclination (Scenario 2, blue lines) of the limestones to the GAPWaP of India (see discussion in the main text). The purple and blue bands represent the error bars. Red dashed box indicates the time interval of the Cretaceous Normal Superchron (CNS) [Gradstein et al., 2012] . Previous Cretaceous paleomagnetic results from the Tibetan Himalaya [Klootwijk and Bingham, 1980; Patzelt et al., 1996; Yi et al., 2011] [Patzelt et al., 1996; Dupont-Nivet et al., 2010b; Yi et al., 2011; van Hinsbergen et al., 2012] . Thus, if the limestones were remagnetized as in Scenario 1, then approximately one half of the paleolatitudinal separation observed in the Paleogene rocks developed before 103-84 Ma. If instead the limestones were remagnetized as in Scenario 2, then those 20 of latitudinal separation accumulated entirely between 77 Ma (maximum remagnetization time in Scenario 2) and 65 Ma (minimum deposition time of Zongshan Formation). This latter would require an extremely high rifting rate of 20 cm/yr (Figure 9 and supporting information Table S4 ).
The volcaniclastic sandstones were deposited at 134 Ma, and, as described above, do not show evidence for remagnetization. Therefore, the clockwise rotation of 77.1 6 5.7 indicated by our paleomagnetic analysis of the volcaniclastic sandstones, must have accumulated after the Early Cretaceous deposition of the volcaniclastics, but before the Late Cretaceous remagnetization of the Jurassic limestones. This rotation is most easily attributed to the Early Cretaceous extension within the Tibetan Himalaya, evident from the stratigraphic and volcanic geochemical record [e.g., Gaetani and Garzanti, 1991; Hu et al., 2010; Garzanti and Hu, 2014] . This rifting may also be responsible for the latitudinal separation required in Scenario 1 described above.
We emphasize that the timing of the remagnetization cannot be directly measured with information presented here, and that our correlations are based on several assumptions that are difficult to test independently. We are confident, however, that the Lower Cretaceous volcaniclastic sandstones are not remagnetized and that the inclinations preserved in these sediments indicate no significant paleolatitudinal separation between the Tibetan Himalaya and India at the start of the Early Cretaceous. Our results support the conclusions of Klootwijk and Bingham [1980] , who studied similar but slightly younger volcaniclastic rocks a few hundred kilometers to the west.
Mechanisms for the Remagnetization of the Jurassic Limestones
Remagnetization can be caused by a variety of processes. For example, although thermoviscous resetting [Kent, 1985; Harlan et al., 1996] is rather common, it is an unlikely mechanism for the remagnetization of the present Jurassic limestones (so as to the Lower Cretaceous volcaniclastic sandstones). No magmatic bodies are found near the section and the sedimentary rocks of the section underwent very low grade metamorphism with maximum postdepositional temperatures probably <200 C [Garzanti et al., 1994; Jadoul et al., 1998 ]. We also note that if metamorphism were responsible for the remagnetization, then it would be associated with the Northern Hemisphere India-Asia collision, but the remagnetization directions are demonstrably prefolding and indicating a Southern Hemisphere location. Our rock magnetic and petrographic analyses indicate that the Jurassic limestones were chemically remagnetized: the dominant magnetic carrier in the limestones is authigenic magnetite, which carries a chemical remanent magnetization (CRM).
Authigenic magnetite is common in remagnetized carbonates [e.g., McCabe et al., 1983; Suk et al., 1990a Suk et al., , 1990b Suk et al., , 1993 Suk and Halgedahl, 1996; Weil and Van der Voo, 2002] . It can form as an oxidation product of pyrite or other iron sulfides under the influence of externally derived fluid [e.g., McCabe et al., 1989; Suk et al., 1990a Suk et al., , 1991 Fruit et al., 1995; Elmore et al., 2001; Zegers et al., 2003; Rowan and Roberts, 2006] . It can also grow in a closed sediment system such as during clay diagenesis (particularly the conversion of smectite to illite) or during organic maturation and pressure solution [e.g., Jackson et al., 1988; Katz et al., 2000; Woods et al., 2002; Zegers et al., 2003; Blumstein et al., 2004; Oliva-Urcia et al., 2008; Tohver et al., 2008] . We observe large amounts of authigenic magnetite with pyrite pseudomorphs (part of the euhedral magnetite and all of the framboidal magnetite) in the Jurassic limestones (Figure 8 ). Therefore, we conclude that oxidation of iron sulfides to magnetite was the principal mechanism of remagnetization in the Jurassic limestones. This process was probably associated with fluid flow [Elmore et al., 2012; Jackson and SwansonHysell, 2012 ], a conclusion supported by the observed distribution of some magnetite along cracks ( Figures  8d and 8h) . Some of the observed euhedral magnetite may have crystallized directly from the fluids (Figures  8a and 8c) . Fluid-flow-driven oxidation and direct crystallization of magnetite from the fluid can also explain the formation of SP magnetite. Although SP magnetite can be created by iron-reducing bacteria [Lovley et al., 1987] or during the reductive dissolution of primary detrital magnetite of PSD and MD size ranges [Karlin and Levi, 1983; Tarduno, 1995; Smirnov and Tarduno, 2001] , it may also form during the oxidation of preexisting nanoparticles of iron sulfides.
Geochemistry, Geophysics, Geosystems The depositional environment of the Jurassic limestones and the redox conditions during deposition probably facilitated the remagnetization. Jackson and Swanson-Hysell [2012] found that samples that plot along the SD-MD mixing line largely come from pelagic limestones, in which detrital or bacterial magnetite can carry a primary remanence. The Jurassic limestones studied here, however, were largely deposited on a tropical continental shelf [Jadoul et al., 1998 ] where the contribution of detrital magnetite was low because of low clastic influx and high carbonate saturation. Moreover, oceanic anoxic events occurred during the deposition of the carbonate successions (especially in unit K 2 of the Kioto Group [Jadoul et al., 1998 ]), and we expect the precipitation of iron sulfides and ubiquitous reductive dissolution of any primary detrital or biogenic magnetite during these events. Bottom water redox conditions also changed repeatedly throughout the Cretaceous, as documented by black shales associated with Oceanic Anoxic Events (OAEs) [Schlanger and Jenkyns, 1976; Jenkyns, 1980; Leckie et al., 2002; Turgeon and Creaser, 2008] and Cretaceous oceanic red beds (CORBs) Wang et al., 2005; Neuhuber et al., 2007; Hu et al., 2009] . We suggest that during the deposition of CORBs, oxygen-rich seawater could have migrated along structural and stratigraphic surfaces (e.g., unconformities, synsedimentary faults, and fractures) or interconnected porosity. Percolation of the oxygenated bottom waters into the sediments could promote the transformation of early diagenetic pyrite to magnetite and induce the remagnetization of the Jurassic limestones. The thick black shale intervals frequently intercalated within the Lower Cretaceous volcaniclastic sandstones may have prevented the oxidizing fluids from circulating through the entire section, thereby insulating the more porous volcaniclastic sandstones from oxidation and remagnetization.
Conclusions
The Tibetan Himalaya section studied here, consisting of Jurassic limestones and Lower Cretaceous volcaniclastic sandstones, was deposited on the northern passive margin of the Indian subcontinent. In this paper, we applied paleomagnetic methods to this section to constrain the kinematic evolution of ''Greater India'' before the India-Asia collision. Our comprehensive paleomagnetic and rock magnetic analyses and microscopic investigations lead us to conclude that: 4. The magnetic carrier in the Jurassic limestone samples is magnetite, whereas magnetic carriers in the Lower Cretaceous volcaniclastic samples are magnetite and minor amounts of hematite/goethite formed during late-stage weathering.
5. We explore two possible scenarios for the timing of remagnetization. Scenario 1 assumes no rotation of the section relative to India after remagnetization; Scenario 2 assumes no paleolatitudinal motion of the section relative to India after remagnetization. Scenario 1 suggests a 103-83 Ma remagnetization event, whereas Scenario 2 suggests remagnetization at 77-74.3, 73.7-72, or 69-67 Ma. Scenario 1 requires Cretaceous paleolatitudinal growth of Greater India in the Cretaceous, but Scenario 2 requires counterclockwise rotation of the Tibetan Himalaya after remagnetization.
6. During the Early Cretaceous, the region of the Tibetan Himalaya studied here was not separated from India, as far as paleolatitude can be discriminated, confirming previous results of Klootwijk and Bingham [1980] from the Thakkhola region to the west. Between the deposition of the volcaniclastic sandstones and remagnetization of the underlying Jurassic limestones, the section underwent a significant clockwise rotation, which we interpret to be associated with well-documented Early Cretaceous extension in the Tibetan Himalaya.
7. The Jurassic limestones may have been remagnetized by a chemical remagnetization associated with postdepositional oxidation of pyrite to magnetite during oxidized fluid circulation. In contrast, the Lower Cretaceous volcaniclastic sandstones mostly retain a primary remanence, probably because the black shales above and below then protected them from fluid circulation.
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